Abstract-Arterial responses to diverse pathologies and insults likely occur via similar mechanisms. For example, many studies suggest that the natural process of aging and isolated systolic hypertension share many characteristics in arteries, including loss of functional elastin, decreased smooth muscle tone, and altered rates of deposition, and/or crosslinking of fibrillar collagen. Our aim is to show computationally how these coupled effects can impact evolving aortic geometry and mechanical behavior. Employing a thick-walled, multi-layered constrained mixture model, we suggest that a coupled loss of elastin and vasoactive function are fundamental mechanisms by which aortic aging occurs. Moreover, it is suggested that collagenous stiffening, although itself generally an undesirable process, can play a key role in attenuating excessive dilatation, perhaps including the enlargement of abdominal aortic aneurysms.
INTRODUCTION
Biomechanical properties of arteries play vital roles in vascular physiology and pathophysiology. 45, 50, 69, 78 These properties result from the complex structure of the arterial wall, which consists mainly of collagen, elastin, proteoglycans, and three cell types. Specifically, the wall contains multiple types of collagen (e.g., I, III, IV, V, and VIII), with the fibrillar types I and III dominating overall load bearing capability (~80-90% 65 ). When we refer to elastin, we often mean the elastic fibers that tend to be organized as lamellae and consist primarily of elastin (~90% 58 ), but also associated microfibrils such as fibrillins, fibulins, microfibril-associated glycoproteins, and Emilin-1. 61, 62, 74 Although these microfibrils do not appear to confer much stiffness directly, 31 they likely organize and help stabilize the elastin. All of these structural constituents are embedded in a ground substance matrix consisting of abundant water and multiple proteoglycans, including versican, biglycan, decorin, and lumican. 61 The overall stiffness of the arterial wall thus depends on the mass fractions, orientations, and crosslinking of many types of structurally significant constituents as well as their many interactions. Although we eventually seek to understand wall biomechanics in terms of individual constituents, Karnik et al., 59 note that ''[t]he myriad associations and interactions between the many structural proteins, proteoglycans and growth factors of the vascular matrix makes it difficult to distinguish the effects of each element from another.'' Hence, it continues to be advantageous to focus on the three primary classes of structural constituents-elastin, fibrillar collagen, and smooth muscle-in conceptual and mathematical models of the arterial wall (cf., Holzapfel and Ogden 45 and Humphrey and Taylor 55 ). Unlike other structurally significant constituents, elastin does not turnover in normal, healthy arteries. 29, 74 That is, it is primarily deposited and arranged within the extracellular matrix during the perinatal period, 12, 11, 21 and as a result, it is likely primarily responsible for residual stresses and axial prestretches. 14, 42, 98, 116 These residual stresses appear to endow arteries with nearly constant transmural distributions of circumferential stress under physiological loads 18, 71, 86 and, together with axial prestretches, contribute significantly to arterial homeostasis. Moreover, elastin endows arteries with extensibility, elastic recoil, and resilience. Hence, damage to or degradation of elastin can result in severe vascular consequences, including age-related stiffening, aneurysms, aortic dissections, and so forth. 3, 23, 41, 83 In contrast, fibrillar collagens appear to turnover continually throughout life, albeit at higher rates during early disease progression or responses to injury and perhaps at lower rates in old age. 90 Distributed within the media and especially within the adventitia, collagen appears to be largely responsible for the overall strength of the wall, with its high stiffness at modest extensions serving to protect smooth muscle from damage during acute periods of over-loading. 50 Local imbalances in proteinases and their inhibitors may render collagen susceptible to load-induced failure, which may be the ultimate cause of rupture in aneurysms. Finally, vascular smooth muscle activation controls local caliber and contributes to overall wall stiffness; it also works together with matrix remodeling both in arterial homeostasis and adaptations to altered hemodynamics. 20, 104 Loss of smooth muscle activation can thus play important roles in diverse aspects of arterial physiology and pathophysiology. In this article, we evaluate computationally the potential roles of loss of elastin, altered collagen crosslinking, and loss of smooth muscle contractility within the context of aging of the human abdominal aorta over long periods.
Structural and functional changes in the aorta due to aging contribute to many cardiovascular diseases, including heart attack, stroke, and end-stage kidney failure. In particular, increased aortic stiffening in aging increases the propagation of the pressure wave, which in turn can increase pulsatility in organs characterized by high flow and low resistance, such as the heart, brain, and kidney, and thereby damage the microcirculation within these organs. 66 Although general characteristics of aging in large arteries-endothelial dysfunction, increased caliber, and increased stiffness due to both geometric and microstructural changes-are well known, 41, 66, 83, 92 the underlying mechanisms and time courses have not been well quantified. We suggest that microstructurally motivated computational models have potential to increase our understanding of these mechanisms, particularly potentially coupled effects. We present here the first such model, one that builds on our recent use of a constrained mixture model to study adaptations of normal arteries to alterations in blood flow, pressure, and stretch. 104, 107 An advantage of the constrained mixture approach is that one can consider separately the individual rates of production and removal of structurally significant constituents as well as their individual deposition stretches and mechanical properties, which is particularly useful in modeling growth and remodeling (G&R).
Whereas, our prior constrained mixture models have exploited a membrane assumption, we also extend this approach to model the human abdominal aorta as a multi-layered thick-walled vessel. By focusing on a short segment, we ignore possible taper and regional variations in properties along the length of the model vessel. For mathematical convenience, we consider a uniformly thick, cylindrical geometry, which allows us to capture salient clinical metrics such as evolving geometry, vasoactive capacity, and measures of arterial distensibility. Thick-walled G&R constrained mixture models can also predict other experimentally obtainable measures, such as retraction lengths, opening angles, and evolving passive behaviors (cf., Alford et al. 1 and Karsˇaj et al. 60 ). Thus, thickwalled constrained mixture models can furnish a more complete set of predictions to evaluate diverse aspects, modes, and hypothetical consequences of arterial G&R.
THEORETICAL FRAMEWORK

Growth and Remodeling of an Artery
The Cauchy stress tensor t can be written in arterial mechanics, at any G&R time s; as
where pðsÞ is a Lagrange multiplier due to incompressibility during transient motions, not G&R, I is the identity tensor, FðsÞ is the deformation gradient tensor that transforms differential position vectors from a ''reference'' (classically, stress-free) to a ''current'' configuration at time s; JðsÞ ¼ det FðsÞ is a volumetric ratio, CðsÞ ¼ F T ðsÞFðsÞ is the right Cauchy-Green tensor, W R is a strain-energy function, defined per unit reference volume and denoted by the subscript R; and t act ðsÞ is the active stress generated by smooth muscle. The evolving apparent mass density of structurally significant constituent k can be computed via (cf., Baek et al. 7 )
where q k R ð0Þ is the mass density at time 0 and m k R ðsÞ is a variable true mass density production rate, both defined with respect to a reference mixture volume; Q k ðsÞ 2 ½0; 1 is the survival fraction for the cohort deposited prior to time s ¼ 0 that survives to current G&R time s; and q k ðs; sÞ 2 ½0; 1 is the survival fraction for the cohort deposited at time s 2 ½0; s that similarly survives to time s: Specific functional forms for these kinetic relations are discussed below. As Eq. (2) makes clear, the apparent mass density of any constituent k is, in general, not constant. This formulation is consistent with familiar instances of biological growth, atrophy, and restructuring resulting from diverse processes including development, aging, disease progression, and responses to injury. 53 
Homeostatic Stretches and Constrained Motions
Kozel et al. 63 noted that ''elastin-producing cells move into and become associated with networks of pre-existing elastic fibers. During this period, the elastic fiber network would assume the motion of the cell, suggesting that components of the fiber were binding to the cell. An interaction with the cell was also evident from the stretching and pulling motions of the fiber seen as the cell moved away.'' Furthermore, Czirok et al. 19 suggested that ''[o]ne may speculate that the divergent motion of two cells, both attached to the same ECM aggregate, would generate mechanical stress within the cell-ECM composite material. This mechanical stress could be sensed by appropriate receptors, and the resulting biochemical signaling would alter the cells' direction of motion.'' In other words, there is growing evidence that synthetic cells can manipulate newly secreted fibers and incorporate them within extant matrix under a mechanical load.
The concepts of target homeostatic mechanical states for cells and matrix and associated constant stretches imposed during deposition are fundamental to constrained mixture models of G&R. 53, 104 This concept can be described mathematically through the multiplicative motions
with FðsÞ and FðsÞ representing motions from a common reference configuration of the mixture jð0Þ to configurations at deposition time s and G&R time s; respectively, and G k ðsÞ is a positive definite tensor corresponding to a motion of constituent k from its individual natural (stress-free) configuration, as indicated by the subscript notation nðÁÞ; to the mixture's loaded configuration at the time s of deposition. Figure 1 
Stored Energy
Anticipating the need to implement fully threedimensional G&R models, Figueroa et al.
33 defined stored energy per unit mass, rather than per unit volume. They reasoned that such a formulation would be computationally simpler because the stored energy would depend on the deposition time of each degrading constituent rather than on the evolving current volume, which would require the coupled solution of evolving mass densities and the current evolving mixture volume (see the Appendix for details). In contrast, we express the evolving strain energy contribution by constituent k per a constant unit reference volume 
Note that the concept of constant target states and deposition stretches requires
(not shown) is identically G k : The special case F(s) = I; repre- 
Kinematics
Consider three cylindrical coordinate systems ðr; h; zÞ; ðR; H; ZÞ; and ð.; #; fÞ; representing the in vivo loaded, excised unloaded, and radially cut configurations, respectively (Fig. 2) and LðsÞ ¼ lðsÞ= CðsÞKðsÞ ½ are the inner radius and axial length, respectively, in the radially cut configuration, and H 0 ðsÞ is related to another frequently used measure of the opened geometry, the opening angle U 0 ðsÞ (see Fig. 2 
Orientations of Fibrillar Constituents
We assume that a cohort k of fibrillar collagen is deposited at intermediate time s in the direction of unit vector m k ðsÞ with a scalar value of prestretch G k h : Note that m k ðsÞ need not be constant, in general, although in this implementation it is. The deformation gradient tensor describing motions from individual natural (stress-free) configurations to the configuration at G&R FIGURE 2. Schema of in vivo loaded configurations (with arrows denoting distending pressures, applied axial forces, and luminal shear stresses, where applicable) at G&R times 0 and s; denoted by j(0) and j(s); respectively and the excised unloaded (j 1 (s)) and radially cut (j 2 (s)) configurations at time s: Corresponding cylindrical coordinate systems are shown beneath configuration diagrams. F(s) is the same as in Fig. 1 and thus accounts for the effects of time-dependent G&R. F 1 (s) describes motions from a current loaded in vivo state to the excised unloaded state, and F 2 (s) describes motions following the introduction of a radial, stress-relieving cut. Note the relation between H 0 (s) and opening angle U 0 (s) (cf., Eq. (9)). The shaded annular regions (representing non-free surfaces) remind the reader that j(0) and j(s) are axially tethered, unexcised configurations.
G&R time s for fibrillar constituent k can thus be written (cf., Eq. (3) is the unit vector in the direction of the fiber due to deformations subsequent to the time of deposition s: Neither m k s ðsÞ nor m k ðsÞ is defined with respect to a natural (stress-free) configuration because fibers are only incorporated within physiologically loaded states. Such individual natural configurations, for which fiber angles are not measurable, exist only conceptually.
Passive Mechanical Responses
As in previous implementations, 8, 104 we model the passive mechanical response of (amorphous) elastin using a neo-Hookean strain-energy function 29 33 ); total stretches experienced by elastin thus do not depend on the time of deposition s 2 ½0; s: That is, functional elastin is produced and crosslinked during the perinatal period, 109 and subsequently stretched elastically throughout normal development and maturation.
14 Elastin is biologically stable in healthy mature arteries, thus there is usually neither production (i.e., m e ðsÞ ¼ 0) nor removal (i.e., Q e ðsÞ ¼ 1). In aging, however, effective elastin is removed via fatigue, as will be discussed below. Nevertheless, growth-induced prestretches can be described by Finally, we employ exponential strain-energy functions for tension and compression for both fibrillar collagen 
where the hat denotes the strain-energy for an individual cohort, deposited at time s that exists until time s: Recalling Eqs. (11) and (12) We consider four families of fibrillar collagen: one oriented axially, one circumferentially, and two equivalent helical families at angles of AEp=4 to the axial direction. 8, 104 Mass fractions of these collagenous families differ in the media and adventitia ( Table 1 ). Note that proteoglycan-supported collagen, while under compression ðk 
Active Mechanical Response
The stress generated actively by smooth muscle, which depends on both the net ratio of vasoconstrictors to dilators CðsÞ and muscle fiber stretch, is defined by 8, 105, 106, 104 t act ðsÞ ¼ T max ðsÞ/ m ðsÞ 1 À exp ÀCðsÞ
where T max ðsÞ is a scaling parameter with units kPa, / m ðsÞ ¼ q m R ðsÞ=q R ðsÞ is the evolving mass fraction of active smooth muscle, k M is the stretch at which the active force generating capability is maximum, k 0 is the stretch at which muscle cannot generate any force, and k mðactÞ h ðsÞ is the current active muscle fiber stretch. 8 CðsÞ affects smooth muscle tone by changing intracellular calcium ion concentrations. Implicit in this formulation is the assumption that muscle can only exert tensile stresses in the circumferential direction, denoted by unit vector e h :
Endothelial cells are sensitive to flow-induced wall shear stress, releasing vasoconstrictors such as endothelin-1 (ET-1) in response to decreased shear stress 72, 76 and vasodilators such as nitric oxide (NO) in response to increased wall shear stress. 37, 102 It has proven convenient to define the ratio of constrictors to dilators CðsÞ as a function of wall shear stress, namely
where C B is a basal ratio that sustains a homeostatic level of vasoactivity, C S is a scaling factor for shear stress induced changes, DsðsÞ ¼ s w ðsÞ=s h w À 1; and s h w is the homeostatic (target) value of wall shear stress. Assuming fully developed laminar flow of a Newtonian fluid through a tube, s w ðsÞ ¼ 4lQðsÞ=pa 3 ðsÞ; where l is the viscosity of whole blood (~3.5 centiPoise), and QðsÞ is the volumetric flowrate at G&R time s (see Table 1 ).
Kinetics of Turnover
Degradation of structural proteins and apoptosis both appear to be well described by first-order type kinetics, with appropriate half-lives. 17, 79 In addition, there is substantial evidence that the rates of turnover of extracellular matrix and cells are modulated by stretch or stress and thus loading history. 10, 80, 100 Hence, we define survival fractions for original constituents (cf., Baek et al. 8 and Valentı´n et al. 104 )
where K k q ðe sÞ are rate-type parameters for mass removal with units of days 21 . These parameters may evolve as described by
À1 is an assumed homeostatic constant of decay for both fibrillar collagen and smooth muscle, corresponding to a half-life of 70 days. Thus, we model collagen and smooth muscle degradation as functions of cumulative changes of cohort-specific levels of tension, with
being the normalized difference between fiber tensions at times s and deposition time s within an individual cohort of constituent k: By calculating a value of K k q for each cohort, this approach is consistent with the hypothesis that fibrillar degradation is selective; individual cohorts experience proportional increases in degradation for corresponding normalized differences in tension from homeostasis. Moreover, this formulation hypothesizes elevated proteolytic production/activation for any departure from normal tensions (both increasing and decreasing), consistent with diverse reported observations. 36, 77, 91, 94, 95 In the special case D b f k ðsÞ ¼ 08s; we recover a simple exponential decay with Q k ðsÞ ¼ exp ÀK k qh s
; consistent with first-order kinetics, as desired. Extending Eq. (21) to account for the degradation of constituents deposited at intermediate times s; let
with the only difference being the lower limit of integration. For illustrative purposes, consider positive piecewise stress-mediated functions for rates of mass density production
where 
and t x k ðsÞ is the current extra stress borne by fibrillar constituent k:
The ratio of the shear stress scaling factor to the basal constrictor concentration C S =C B serves as a biochemical input to mass density production because most vasoactive constrictors (for example, ANG-II, ET-1) are also mitogens and promoters of collagen synthesis, 16, 88 whereas vasodilators such as NO inhibit cellular proliferation, migration, and matrix turnover. 37, 89 Consequently, we require production to be proportional to the normalized change in constrictor concentration, where
ÞDs w ðsÞ: Unlike Dr k ðsÞ; which affects corresponding individual fiber family production rates separately, Ds w ðsÞ influences the production of all constituents simultaneously; this biochemical signal does not directly depend on fiber family orientation, age, or loading history. Additional specialization, to include specific consequences of gene expression and molecular-level phenomenon, will need to be addressed once knowledge of cell/matrix biology, chemical signaling, genetics, etc. are expanded and improved.
Solution Procedure
Recalling Eq. (1), let t x ðsÞ denote the extra part of the stress, that is, that part depending on deformation, where
After imposing a perturbation (for example, some degree of elastin damage or change in hemodynamic loading), we determine the inner radius that satisfies equilibrium locally in any relevant configuration (cf., Fig. 2 
where PðsÞ ¼ P i ðsÞ À P a ðsÞ is the current transmural pressure. Effects of perivascular tethering can be 52 but there is a need for more data on perivascular effects on the aorta. Hence, we neglect perivascular tethering ðP a ðsÞ ¼ 0Þ:
We calculate, via the secant method, the timevarying inner radius that satisfies radial equilibrium (Eq. (30)). Spatial integration is performed using a Gauss-Legendre quadrature, and temporal integrations of strain-energy functions and kinetics are performed using a trapezoidal rule quadrature. Evolving geometry drives removal and production of mass via Eqs. (21)- (25), and G&R proceeds iteratively via finite differences in time.
Although 
Taber and Humphrey 101 noted that the configuration of an excised artery with a radial stress-relieving cut can be determined by solving for that geometry which, in addition to satisfying radial equilibrium, yields conditions of zero bending moment and net axial force. These conditions are described by the system of equations and the system of Eqs. (34a)-(34c) is again solved via a generalized pseudo-Newton method. As in the case of the unloaded configuration, smooth muscle does not generate an active contribution.
ILLUSTRATIVE HYPOTHESES AND NUMERICAL EXPERIMENTS
In the spirit of a prior G&R study, 105 we investigate multiple mechanisms by which G&R may proceed and compare predicted results from numerical experiments. Specifically, we posit that aging results, in part, from a progressive loss of functional elastin, compromised smooth muscle contractility, and altered collagen.
Degradation of Elastin
Elastin is a highly elastic and normally biologically stable arterial protein. This is due, in part, to myriad crosslinks, including desmosine and isodesmosine, 74 that are promoted primarily by lysyl oxidase but also transglutaminases. Nevertheless, elastin is susceptible to both proteolytic degradation by matrix metalloproteinases in diseases (especially MMP-2, 29, 212, 213) and fatigue-type degeneration in aging, 3, 62, 70, 85 which appear to be accelerated in hypertension (due to increased pulse pressure) and Marfan syndrome (due to deficiency in fibrillin-1, which stabilizes elastin). Indeed, losses of functional elastin likely cause or are caused by many arterial diseases and injuries. 3, 41, 83 We prescribe a first-order kinetics relation for the timedependent survival fraction of elastin in the human abdominal aorta Q e ðsÞ ¼ expðÀK e sÞ;
where K e ¼ lnð2Þ=14; 600 day 21 (a half-life of 40 years, consistent with Arribas et al.
3 )
Progressive Vasoactive Dysfunction
In addition to endowing arteries with important passive mechanical properties, elastin is also a potent biological regulator of smooth muscle cell activity. For example, intact ''elastin induces actin stress fiber organization [and a quiescent contractile phenotype], inhibits proliferation, regulates migration and signals via a non-integrin, heterodimeric G-protein-coupled pathway.'' 59 Scaling T max ðsÞ (Eq. (19)) proportionally to Q e ðsÞ (Eq. (36)) allows us to simulate the potentially deleterious consequences of elastin degradation on vasoactivity. In particular, we prescribe
where b m is a scaling parameter that controls the degree of proportionality between elastin content and vasoactivity. Equation (37) effectively simulates progressively compromised vasoactive function with decreasing content of elastin.
Progressive Stiffening of Collagen
Arteries stiffen with age and hypertension, due in part to a thickening of the wall and an increase in the ratio of collagen to elastin. In addition, however, such stiffening can result from advanced glycation end-products (AGEs), which increase crosslinks in collagen. Indeed, increased collagen crosslinking and overall stiffening of the arterial wall is an important contributing factor to age-related cardiovascular disease.
2,9,41 Pedrigi et al. 84 reported significant stiffening of a highly collagenous tissue (porcine lens capsule) after culture in a hyperglycemic (e.g., diabetic) environment for 14 weeks, which can be modeled well by increasing the dimensional parameter for collagen. To investigate possible effects of pathological stiffening of collagen fibers in aging, we considered cases in which the mechanical parameter c . Although glycation likely involves other important mechanisms (e.g., increased resistance to enzymatic degradation), we restrict our attention to a simple increase in mechanical stiffness.
RESULTS
The model predicts a gradual increase in inner radius r i ðsÞ as elastin degrades, per Eq. (36), and smooth muscle loses contractility, per Eq. (37) . Figure 5 shows effects on luminal enlargement due to varying the collagenous stiffening parameter b c : Note that computational G&R time 0 corresponds to a healthy, mature human abdominal aorta prior to the onset of ''aging,'' that is, at age 20. Figure 5 shows that, for the case of b c ¼ 0:2; unbounded enlargement begins roughly at G&R time s ¼ 40 years, which corresponds to an individual aged 60 years. The predicted gradual increases in inner radius and wall thickness are qualitatively consistent with observations for aging abdominal aorta in humans. 4, 108 As the elastin degrades, the wall loses an important aspect of its ''memory.'' That is, although smooth muscle may, via endothelial-medial coupling, still respond to changes in wall shear stress as inner radius changes, the only structure within the artery that retains a mechanically passive ''memory'' of the normal geometry degrades inexorably. Indeed, even in the case of elastin loss in the absence of collagenous stiffening and vasoactive dysfunction (b c ¼ 0 and (38)). Stiffening commences at G&R time s = 0 (20 years of age). Note that b c does not define a constant degree of collagenous stiffening; rather, it defines the degree of stiffening at G&R time s = 80 years (e.g., 20% stiffening at age 100, but only~6% stiffening at age 60 for b c ¼ 0:2).
T max ðsÞ ¼ T max ð0Þ), the model predicts eventual unbounded luminal expansion-albeit nearly 20 years later than in the case of b c ¼ 0:4: This prediction highlights the important role of arterial elastin in preserving luminal radius. In response to the initially modest increase in inner radius, the model predicts increased active muscle stress contributions (Fig. 6) , which assist in maintaining inner radius within 4% of its target value for the first 40 years of G&R. In vivo, such increases would be expected both because of the decrease in wall shear stress, which would lead to endothelial cells downregulating NO and upregulating ET-1, and an increase in muscle fiber length that would enable more force generation. As time progresses and more elastin is degraded, however, vasoactive function decreases (via Eq. (37)), and the artery enters a phase of unbounded G&R. Beyond a certain point, continually deposited collagen and active muscle are unable to arrest or reverse radial expansion. Rather, despite increasing accumulations of medial and adventitial collagen (Fig. 7) , as mass turnover increases with increasing caliber, the artery ''grows around'' a larger inner radius.
As the collagen stiffening parameter b c increased, however, the model predicted a delay in the unbounded growth; indeed, when b c ¼ 0:5; the unbounded growth was not only prevented, it was reversed in part. This process of collagenous stiffening is essentially competing with luminal expansion (cf., Baek et al. 6 ); if collagen becomes sufficiently stiff before the artery reaches a point at which growth becomes unbounded, then the artery can eventually reverse the usual dilating trend. These predictions suggest that stiffening of collagen confers a protective effect and prevents the artery from entering into a phase of unbounded G&R. Anecdotally, this prediction is consistent with the clinical observation that diabetes can protect abdominal aortic aneurysms from rupture, presumably because of the increased glycation crosslinks. 30, 75 As a result of the predicted gradual increase in the medial collagen to elastin ratio shown in Fig. 8 , the unloaded dimensions increase. That is, unloaded inner radius R i ðsÞ and axial length LðsÞ become greater as the artery ages. Figure 9 (panel a) shows these trends in terms of the normalized unloaded inner radius R i ðsÞ=R i ð0Þ and ''retraction'' stretch KðsÞ=Kð0Þ: As highly prestretched elastin is replaced with stiffer collagen and smooth muscle, the passive retraction and radial recoil decreases. Observations from both animal models and older individuals support both of these findings. 22, 34, 56, 57, 113 As elastin degradation was uniform within the media, the model did not predict strong gradients in elastin as observed in aged arteries. 32 Due in part to the absence of such a gradient, the predicted evolving medial opening angle U 0 ðsÞ is opposite that observed by Saini et al. 93 and Badreck-Amoudi et al. 5 despite being comparable to reported values for the media. As shown by Cardamone et al., 15 a gradient of elastin mass fractions (more elastin present near the (0)): Recall that the loss of elastin commences (G&R time s = 0) at 20 years of age. Due to the coupled effects of elastin loss and vasoactive dysfunction, the simulated arteries gradually lose the ability to reset the inner radius at a fixed value. Increasing collagenous stiffening delays unbounded growth, and the case of b c = 0:5 shows an eventual reversing trend. The model suggests that collagenous stiffening could attenuate aneurysmal enlargement in the absence of other complications, as, for example, disturbed hemodynamics or thrombus formation. Elastin loss, by itself (bold solid curve), can induce unbounded luminal expansion; this trend commences far later than cases for which vasoactive capacity is also progressively compromised. . Time courses of evolving active stress generated by smooth muscle. Stars denote limiting points beyond which results become singular, corresponding to unbounded luminal expansion. As elastin degrades and the artery's inner radius increases (see Fig. 5 ), which decreases wall shear stress, smooth muscle seeks to generate compensatory increases in intramural stresses that aid in restoring both wall shear stress and overall wall stress toward normal values (Eqs. 19 and 20) . As the inner radius increases without bound and the muscle fiber stretch k (19)), smooth muscle loses its ability to generate active stress and the vessel loses its ability to maintain or restore its preferred caliber unless increased collagen, or muscle mass, can compensate (cf., Fig. 5 ).
adventitial portion of the media, for example) would likely influence the transmural stress distributions to the degree that the evolving opening angle would increase with age. It is interesting that Fonck et al. 34 and Greenwald et al. 42 reported that treatment with elastase, which results in uniform elastin degradation (i.e., not resulting in the gradients in elastin content described by Feldman and Glagov 32 ), decreased the residual stress related opening angle, contrary to trends observed in aged arteries. Figure 10 shows the predicted transmural Cauchy stress distributions over time for the intact vessel. In the normal, healthy aorta, the model predicts circumferential Cauchy stresses of approximately 120 kPa within the loaded media, and a nearly equibiaxial state of stress in the adventitia (Fig. 10, panel a) . Interestingly, axial stresses within the media are predicted to decrease substantially with aging, while the circumferential stresses remain relatively unchanged. This trend is due primarily to the presence of smooth muscle generating circumferential stresses and the ability of the media to replace circumferentially and helically aligned collagen in response to elastin degradation. Elastin, which is normally under an equibiaxial state of stress, bears lower stresses over time, and because the axial load it normally bears is not taken by axially aligned collagen, the Cauchy stress (a cumulative measure of internal stresses) in the axial direction gradually decreases. Also, since the in vivo axial length is constrained, static equilibrium depends more on the circumferential stresses. The artery is predicted to remodel in a manner such that the circumferential Cauchy stress distribution in the media is preserved, at the expense of lower axial stresses and thus a nearly equibiaxial stress field. Figure 10 (panel b) illustrates predicted (residual) stress gradients within the media in the unloaded, intact state. As expected for a uniform loss of elastin within the media, the stress gradients diminish with age. The adventitia is predicted to bear a modest, essentially uniform, compressive stress (cf., Holzapfel and Ogden 46 ). Similar gradients are present in the radially cut media (Fig. 11) . This result emphasizes that even for zero tractions, one cannot necessarily presume that a soft tissue is under a state of zero stress. In fact, even within a radially cut (opened) artery, strong gradients remain within the media. Figure 12 shows evolving mean axial stress-and force-pressure behaviors at three different axial stretches. The predicted behavior at time s ¼ 0 is qualitatively similar to that observed in abdominal aorta in rats. 112 As time advances and the artery loses elastin but thickens, mean axial stresses decrease at all stretches (Fig. 12, panel a) . One can further appreciate the loss of highly prestretched elastin by noting that axial forces at all stretches (Fig. 12, panel b) also decrease over time, despite substantial thickening. Axial force is closely related to collagen to elastin ratio, 51 whereas the mean axial stress also depends on total wall thickness. These results are intuitively consistent with a thickening artery with a decreasing retraction stretch.
Overall, these computational results graphically illustrate the importance of functional elastin to passive behavior. The necessarily increased collagen to elastin ratio, resulting from progressive elastin degradation and collagen production, has a strong influence on the passive pressure-radius behavior (Fig. 13) . The predicted response of the healthy artery exhibits a sigmoidal shape characteristic of elastic arteries. 112 As the artery ages, this sigmoidal trend becomes less pronounced, and eventually approaches a response more like that of a collagenous tissue. Although the artery becomes more distensible at lower pressures, stiffer collagen, and smooth muscle contribute disproportionally more to the overall mechanical response at higher pressures. This prediction is consistent with work by Dobrin et al. 25 and Fonck et al.
34
that show that degradation of elastin causes arteries to distend more in response to pressurization, particularly at lower pressures (e.g., 165% distension relative to control at 25 mmHg and 131% at 100 mmHg 25 ). Over time, the passive response at higher pressures is The sharp discontinuity marks the interface between the medial and adventitial layers. As a result of the lack of axially oriented fibers of collagen in the media, the in vivo circumferential Cauchy stresses are higher than the axial stresses. The adventitia, lacking both elastin and active smooth muscle, bears substantially lower equibiaxial stresses.
As the artery ages, in vivo axial Cauchy stresses decrease, particularly within the media. Also, stress gradients within the media diminish in the unloaded configuration. The progressively smaller inner radii q i (s) accompany a dramatic decrease in opening angle U 0 (s) (see Fig. 2 ). As in the case of the in vivo and excised configurations, the circumferential Cauchy stress gradients are stronger than those in the axial direction.
predicted to stiffen continually as collagen and muscle accumulate. Collagen and muscle, with their relatively low respective deposition stretches of 1.08 and 1.2, cannot serve as appropriate substitutes for elastin, herein assumed to have a prestretch e G e ¼ 1:3; in normalcy.
DISCUSSION
The present model predicts that gradual removal of elastin and reduction in vasoactivity initiates a complex G&R sequence, resulting in differential growth within the arterial wall. Luminal expansion occurs due to the loss of highly prestretched elastin, coupled with a diminished ability to actively maintain inner radius. The behaviors predicted by simulating coupled elastin loss and vasoactive dysfunction (for example, substantial increased circumferential passive stiffening) are qualitatively similar to observed behaviors. The large increase in thickness, which requires sustained elevated production rates, and the dramatically altered passive behaviors are likely energetically unfavorable and thus represent suboptimal adaptations. As with many biological systems, arteries are remarkably fault-tolerant; multiple redundant mechanisms allow compensatory responses to instantaneous changes in metabolic demands as well as irreversible injuries or damage to elastin. Interestingly, the predicted trends suggest that stiffening of collagen is one such local compensatory mechanism. Depending on the degree of stiffening, this phenomenon could limit dilatation and perhaps prevent the development of an aneurysm by steering the trajectory of G&R away from a ''run-away'' unbounded luminal expansion. That is, the model predicts what is essentially a long-term competition between radial expansion and collagenous stiffening. As in many compensatory adaptations, however, the complexities of the arterial system reveal that there could also be detrimental consequences of an otherwise favorable occurrence. Stiffening of the abdominal aorta affects the hemodynamics, including an increase in the local pulse wave velocity that could affect cardiac function as well as adaptations in other regions of the vasculature. 41, 66, 83 There is, therefore, a pressing need to integrate G&R codes within models of the hemodynamics to understand more fully not only the effects of cell and matrix turnover on wall mechanics, but also overall system dynamics. 55 Indeed, Greenwald 41 puts it this way: ''As the conduit arteries age, changes in their composition and structure lead inexorably to an increase in the stiffness of their walls, resulting ½. . . in raised systolic and pulse pressure and greater mechanical load on the left ventricle, the systemic circulation as a whole and a consequent increase in the risk of stroke, myocardial infarction, renal failure and other sequelae of essential hypertension.'' Conspicuous arterial changes due to aging include an increased wall stiffness (due in part to an increased collagen to elastin ratio) that increases systolic and pulse pressure (due in part to an increased pulse wave velocity and corresponding pressure augmentation due to advanced wave reflections) as well as an increased caliber despite neointimal thickening, a lengthening of loosely tethered arteries such as the abdominal aorta, and decreased contractility and/or so-called endothelial dysfunction. 41, 58, 83 Notwithstanding the utility of the collagen to elastin ratio in many correlative studies, in aging the diminished, remaining elastin often shows signs of disorganization, fragmentation, or calcification, whereas the collagen tends to have increased crosslinking (i.e., glycation-based crosslinks in addition to normal enzymatic-based crosslinks 9, 84 ); together, these effects on hemodynamics and wall mechanobiology exacerbate those due to the increased collagen to elastin ratio. Among the many biochemomechanical changes in aging arteries, it appears that there is a decrease in flow-induced NO production and corresponding increase in ET-1, ACE, ANG-II, and AT1 receptors, 111 which together promote increased MMP-2 production and smooth muscle proliferation, migration (into the intima), and synthesis of collagen via increased TGF-b: 28, 89 Whereas, our study was motivated primarily by effects of aging on the abdominal aorta, which among other things increases risk for the development of atherosclerosis or aneurysms, our results are also likely relevant to arterial adaptations/maladaptations in both hypertension and Marfan syndrome. It has been suggested that essential hypertension can lead to ''elastic fibre fatigue and accelerated degradation, leading to loss of arterial wall resilience.'' 3 Indeed, this hypothesis finds support via in vitro mechanical studies by Lillie and Gosline 70 that show that long-term cyclic loading can cause elastic fibers to fail at extensions well less than normal; they propose that this fatigue-type damage may initiate due to a failure of or separation from microfibrils, not elastin per se. It is possible that elastin fragmentation occurs as a result of fatigue. 41, 70 Marfan patients have dramatically reduced levels of the elastin-associated microfibril fibrillin-1 87 and frequently present with fragmented elastic laminae. Mouse models of Marfan syndrome suggest that a ''breach of the internal or external elastic laminae in fibrillin-1-deficient mice allows infiltration of inflammatory cells into the media, resulting in intense elastolysis that contributes to the structural collapse of the aortic wall.'' 23 Finally, Marfan syndrome patients tend to suffer from dissections of the ascending aorta. One key question is, Why this particular site? It is interesting that the collagen to elastin ratio is remarkably low in the ascending aorta (0.49 based on values of 19.6% collagen and 41.1% elastin in the canine, 24 which are consistent with values from Leung et al. 68 of 0.23 based on 11% collagen and 48% collagen in the rabbit). Note, too, that the ascending aorta is unique in that it experiences considerable axial and torsional deformations during the cardiac cycle.
CONCLUSIONS
Gleason et al. 40 and Gleason and Humphrey 39 showed computationally that allowing elastin to turnover may enable optimal arterial adaptations to increased blood flow and blood pressure, as in normal development, but disallowing elastin to turnover may lead to ''suboptimal'' adaptations. Despite the ability of vascular cells to produce new elastin in the mature arterial wall in response to disease or injury, potential reparative processes are generally not effective, 3, 64 perhaps due to the inability to recapitulate all of the necessary temporal and spatial processes that occur in development. 58, 110 Indeed, elastin fragments can stimulate smooth muscle proliferation, migration, and synthesis of collagen, perhaps by interacting with elastin-laminin receptors, opening calcium channels, and activating tyrosine kinase signaling pathways. 3 The present work highlights the importance of the complementary effects of elastin content and vasoactivity in normal (healthy) vascular function. As previous computational studies suggest, 104, 105 these complementary roles endow arteries with a number of unique properties that optimize structure and function. In particular, elastin production and crosslinking during development provide a highly elastic material that ''remembers,'' by way of its biological stability, a preferred state. Active smooth muscle plays a similar role in controlling a preferred inner radius. The passive mechanical behaviors of collagen and smooth muscle also seem to be tuned to optimize an artery's behavior for a particular role. This remarkable system gives rise to a high degree of optimization via some constant cellular behaviors; synthetic and force generating cells follow the same general guidelines throughout the vascular tree, but diverse conditions during development result in correspondingly diverse vascular function.
Degradation of elastin results in an immediate increase in vascular caliber and decrease in passive wall stiffness, 34 but it also likely stimulates a marked increased production of collagen and thus additional stiffening. Passive stiffening is a characteristic of aging arteries, 13, 44, 83 and degradation and loss of elastin have been proposed as defining characteristics of aged arteries. 41, 82 Hypertension results in increased medial collagen and arterial stiffness, 48, 49 and is also associated with changed unloaded geometry. 57, 103 Unloaded axial lengths increase as collagen to elastin ratios increase. 27, 34 This also occurs as arteries age. 81 The manifold deleterious consequences of increased arterial stiffness are varied and described elsewhere. 41 Development of the arterial system, like other organ systems, occurs via complementary effects of unique genetic instructions and an associated series of temporally synchronized biochemomechanical cues throughout relevant intervals, which endow arteries with their functionally distinctive properties within the vascular tree. 109 This progression gradually transforms the arterial system from its initial embryonic state to a highly optimized system, in what we call maturity. We posit that aging can be considered similarly; its progression is, in part, genetically preprogrammed but occurs after maturity. As in the cases of perinatal development, the process of arterial aging depends on genetic predispositions and epigenetic factors, including lifestyle habits, health history, and any pharmacological and/or surgical interventions. Clearly, an understanding of arterial aging rests on insights into the internal state of the mature artery, which in turn arises from early developmental processes. Although phenotypic expression of genetic information and modes of G&R likely differ in early development and aging, fundamental mechanisms (i.e., vasoactivity, constituent turnover, and deposition prestretches) are presumably operative in both situations.
Continual improvements in understanding of arterial development, physiology, and pathologies notwithstanding, our ability to identify and characterize detailed interactions remains limited. Scientific investigators have historically advanced the state of knowledge by identifying or theorizing important mechanisms and proposing general principles by which these mechanisms operate, despite the obstacle that details concerning how these functions manifest physically often remain unclear. Similarly, the study of arterial biomechanics has progressed via iteratively refined conceptual models, based on intuition, observation, and well-understood principles of physiology and continuum mechanics. 105, 106 It is our hope that although comprehensive knowledge of biochemomechanical cell/matrix interactions remains elusive due to conceptual or methodological limitations, theories and models, such as those described in this work, will continue to serve as guides by motivating future work.
APPENDIX
We may define mass densities q k ðsÞ and mass density production rates m k ðsÞ with respect to the current mixture volume, as did Humphrey and Rajagopal, 53, 54 yielding 
where qðsÞ ¼ P k q k ðsÞ: This formulation exploits a constant total mass density ðqðsÞ qð0Þ8sÞ; thereby preserving the normal, intuitive physical interpretation for mass density. The primary disadvantage of this formulation is that mass densities are defined with respect to the current volume, thereby coupling the evolving volume to the solution.
We relate the rates of mass density production (also defined per current unit volume) to volumetric changes by writing d ds
where e m ¼ m À r is the net rate of change of local mass density (mass per current volume per time), m is the true rate of mass density production, r is the local rate of mass removal, q is the mass density, and
Note that R 
This last equation reminds the reader that the spatial approach results in a coupled solution for volume and mass density.
As described in Section ''Stored Energy,'' one can formulate the problem without requiring constant apparent mass density. By defining mass density and strain energy in terms of the original reference volume, we can exploit a more convenient approach in which strain energy does not depend on a current reference volume, while still preserving P / k ¼ 1; as desired.
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